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Abstract
In new Higgs inflation the Higgs kinetic terms are non-minimally coupled to the Ein-
stein tensor, allowing the Higgs field to play the role of the inflaton. The new interaction
is non-renormalizable, and the model only describes physics below some cutoff scale. Even
if the unknown UV physics does not affect the tree level inflaton potential significantly,
it may still enter at loop level and modify the running of the Standard Model (SM) pa-
rameters. This is analogous to what happens in the original model for Higgs inflation.
A key difference, though, is that in new Higgs inflation the inflationary predictions are
sensitive to this running. Thus the boundary conditions at the EW scale as well as the
unknown UV completion may leave a signature on the inflationary parameters. However,
this dependence can be evaded if the kinetic terms of the SM fermions and gauge fields
are non-minimally coupled to gravity as well. Our approach to determine the model’s UV
dependence and the connection between low and high scale physics can be used in any
particle physics model of inflation.
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1 Introduction
Models in which the Standard Model (SM) Higgs field plays the role of the inflaton are
attractive. First, the Higgs field is the only scalar we know to exist, and thus this approach
can be considered minimal as no new field has to be assumed. Second, it offers the possibility
to test Higgs physics at high energies relevant for inflation, and to link the data from the
Cosmic Microwave Background to what is measured in colliders at low energies. Given the
very different energy scales involved, the running of the SM parameters has to be taken into
account for a sensible comparison.
Although it does not give a valid period of inflation, for illustrative purposes consider first
inflation in the SM with the quartic Higgs potential V (φ) = λφ4. The SM is renormalizable,
and the running of the couplings can be computed straightforwardly. Using the renormaliza-
tion group (RG) improved potential for the inflationary analysis, the prediction for the scalar
spectral index ns is
ns = ns0
(
1 + κ
βλ
λ
)
, (1)
1
where ns0 stands for the observable computed at tree level, βλ is the beta function for the
quartic coupling λ, and κ = 1 for the quartic potential. Likewise, the tensor-to-scalar ratio
will get a correction due to the running of λ. The Higgs field has superplanckian field values
during inflation, and consequently all SM fermions and gauge bosons are very heavy during
inflation and can be integrated out [1]. With only the Higgs field itself (and the Goldstone
bosons) in the spectrum, the beta function during the inflationary epoch is βλ ∝ λ2/(8pi2) and
the corrections are always small for perturbative values of the coupling. In fact, for quartic
inflation, λ ∼ O(10−14) is required to fit the CMB amplitude [2] — which is why it does not
work in the SM — and the correction is completely negligible.
For the Higgs to be the inflaton new interactions beyond those already present in the SM
are needed. In the original Higgs inflation (HI) proposal [3, 4, 5] a non-minimal coupling
between the Higgs and the Ricci tensor is introduced, in new Higgs inflation (NHI) [6] the
Higgs kinetic terms are non-minimally coupled to the Einstein tensor, and in Higgs G-inflation
[7, 8] and running kinetic Higgs inflation [9, 10] a non-minimal kinetic coupling for the Higgs
is considered. These are all examples of the general class of Horndeski type of interactions
[11, 12]. The fact that these new interactions are non-renormalizable changes the story
described above in two important ways. First, for consistency of the theory new physics
below the Planck scale is needed,1 which opens the possibility that the renormalization group
equations are modified by the unknown UV completion. Second, thanks to the non-minimal
coupling, during inflation the fermions and gauge bosons might be light enough to remain in
the spectrum, and the beta function will be of the form βλ ∝ g4 with g a Yukawa or gauge
coupling. Nothing prevents the ratio βλ/λ from being sizeable, and the running corrections
to the observables of the form (1) can be large. The two effects combined introduce a UV
sensitivity into the model [14]. In this paper we discuss the UV (in)sensitivity of NHI, and
contrast it with the results for HI discussed in [15, 16].
It is worth clarifying that the UV sensitivity we are interested in here is not the common
one related to unknown Planck scale physics. This triggers the η-problem and, more general,
the sensitivity to Planck scale suppressed higher dimensional operators that correct the infla-
ton potential. We treat this kind of UV contributions as part of the definition of the model
assuming these corrections are sufficiently small, either due to some symmetry principle (e.g.
an approximate shift symmetry), a one-time fine-tuning, or because of the specific nature of
the Planck scale physics.
One way to see the need for new physics is to consider the tree level scattering amplitudes,
and to see at what energy scale unitarity is lost. This gives the unitarity bound of the theory,
which in these set-ups is field dependent [17, 18]. The field dependent cutoff, even if always
above the typical energy scales along the field domain, might be close to the inflationary scale
in part of the field regime. This happens generically in the mid field regime, indicating that
especially in this region the new physics needed to restore unitarity can be important. It
should also be noted that in both HI and NHI the unitarity bound in the mid field regime is
lower than the typical potential energy scale during inflation. As mentioned above, we work
under the assumption that the UV completion does not affect the inflationary potential at
tree-level significantly, but it is clearly not guaranteed a priori that what solves the unitarity
problem (i.e. what lifts the unitarity bound to the Planck scale over the whole field range)
will not affect the inflationary regime.2
1In general, “new physics” can either be new fields and interactions, or that the theory becomes strongly
coupled [13] and the perturbative analysis breaks down.
2In [19, 20] HI UV completions were discussed but in these models the Higgs does not play the role of the
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Although the non-minimal couplings in HI and NHI are non-renormalizable, a renormali-
zable effective field theory (EFT) can be constructed in both the small and large field regime.
This means that when the Lagrangian is expanded in a small parameter, all loop divergencies
can be absorbed in counterterms order by order in the expansion parameter [17, 21]. The
counterterms are different in both regimes though, and in the mid field region threshold
corrections are needed to patch the EFTs together. Higher order operators are needed to
absorb the divergences in the mid field regime, breaking the connection between the low/high
scale parameters [17, 22, 23].
The threshold corrections can be parametrized by an infinite tower of higher order ope-
rators suppressed by the unitarity cutoff [14, 23, 15], which may become relevant in the mid
field regime. These operators give corrections to the RGE equations, which depending on the
Wilson coefficients can be large in the transition region. The net effect will be a “kick” in the
values of the running couplings. As a result the values of the couplings during inflation will
depend both on the boundary conditions at the electroweak scale (the measured values), and
on the UV completion via this kick.
The story so far is equally valid for both HI and NHI (although the details, such as the
explicit values of the cutoff and the form of the RGEs differ). The main difference between
the two scenarios is the UV sensitivity of the inflationary observables. In HI, the running
corrections to the spectral index and the tensor-to-scalar ratio are suppressed to leading order
in slow roll through a cancellation of different effects [15]. This particular feature is shared
by the more general class of Cosmological Attractors [16] of which HI is a particular case.
Thus the spectral index is given by (1) with κ ≈ 0. Thus whatever the kick, whatever the
effect of the UV completion on the running,3 the predictions for ns and r are given by the
tree-level results, and thus robust. In NHI inflation on the other hand, as we will show in
this paper, this is not the case; in this set-up κ = O(1) and the model is UV sensitive. This
conclusion can be avoided if the fermions and gauge bosons are coupled non-minimally to
gravity as well. In that case, they are very light during inflation and effectively decouple.
Just as for the example of the quartic potential discussed above, the inflationary predictions
are not affected by the uncertainty in the running of the couplings.
This paper is organized as follows. In section 2 we give a quick review of the new Higgs
inflation proposal. In section 3 we compute the inflationary parameters taking into account
the running of the couplings. In 4 we discuss the unitarity of the model, complementing
the analysis done in [26], in order to check whether the typical energy scale is close to the
tree level cutoff of the theory. In 5 the (non-) renormalizability of the model is discussed
with special emphasis on the threshold corrections required to consistently connect the two
asymptotic regimes. We end in 6 with some conclusive remarks and we compare the results
to those of the original Higgs inflation model. Appendix A provides additional details on the
RG improved action.
inflaton.
3This holds as long as inflation takes place in the “universal” regime deep inside the large field region; if
instead the potential is tuned and inflation takes place in the mid field regime close to an extremum generated
by quantum corrections the model is UV sensitive as well [15, 16, 24, 25].
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2 New Higgs inflation: a quick review
In this section we give the action for new Higgs inflation (NHI), show how its analysis can
be simplified after performing a disformal transformation, identify the different field regimes,
and study the inflationary dynamics.
2.1 The action
In NHI the Higgs kinetic terms are non-minimally coupled to gravity [6]. We will also consider
the possibility that the kinetic terms of the fermions and gauge bosons contain a non-minimal
coupling to gravity [27, 28]. To assure second order equations of motion for both gravity and
matter, the new couplings should be to divergenceless tensors constructed from the Riemann
tensor. In four dimensions there is only the Einstein tensor Gµν = Rµν − (R/2)gµν , and the
double dual Riemann tensor4 [29, 30] Gαβγδ = ∗Rαβγδ∗ = 14αβµνRµνρσρσγδ, which satisfy
∇µGµν = 0 and ∇µGµνρσ = 0.
The action is
S =
∫
d4x
√−g¯
[
1
2
M2PR¯+ LHiggs + Lfermion + Lgauge
]
. (2)
For reasons that become clear in a moment we denote the FLRW metric by an overbar
g¯µν = diag(−1, a¯2, a¯2, a¯2). The Higgs, fermion and gauge Lagrangian contain the SM terms
plus a non-minimal coupling to gravity via the kinetic term. Explicitly [28]
LHiggs = −
(
g¯µν − αφ G¯
µν
M2
)
DµΦ
†DνΦ− V
Lgauge = −
∑ 1
4
(
g¯αµg¯βν − αA 3G¯
µναβ
M2
)
F aαβF
a
µν
Lfermion = −
∑
i
(
g¯αβ − αψ G¯
αβ
M2
)
ψ¯iiγαDβψi − (ydQ¯LΦdR + yuQ¯LΦ˜uR + yeL¯LΦeR + h.c.).
(3)
with Φ˜ = (iσ2)Φ∗. The summation in the gauge Lagrangian runs over the SM gauge groups.
The SM fermion fields are ψi = {QL, uR, dR, EL, eR}: the left-handed doublet, right-handed
up and down quark, left-handed lepton, right-handed electron respectively (we suppressed
family indices). The couplings αi can be Higgs field dependent: αi = αi(Φ). NHI assumes
a constant Higgs coupling, which can always be set to unity by redefining the mass scale
M . From now on we set αφ = 1. In the original NHI scenario this is the only non-minimal
coupling and αA = αψ = 0 [6]. However, one can consider the more general possibility
αi = O(1)
( √
V
MMP
)n
with i = ψ,A.
2.2 Disformal transformation
The Higgs-gravity sector can be brought in (approximate) standard form: an Einstein-Hilbert
term plus a scalar field Lagrangian. Consider a disformal transformation of the metric [28]
gαβ = g¯αβ + εαβ = g¯αβ − 2DαΦ
†DβΦ
M4 , (4)
4abcd = 1√−g e
abcd, with abcd the Levi-Civita tensor and eabcd the completely antisymmetric symbol.
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where we introduced the scale
M2 = MMP. (5)
In the small derivative expansion regime we have ε  1. To describe the evolution of the
classical field 〈|Φ|2〉 = φ(t)2/2 the expansion is certainly valid. Indeed, evaluated on the
background [31]
ε00 =
φ˙2
M4 =
2(3H¯2M2P − V )
9H¯2M2P +M4
<
2
3
, (6)
where in the second step we have used the Friedmann equations. During inflation the potential
dominates the energy density and the numerator 3H¯2M2P − V  3H¯2M2P is small. In this
regime ε00 ∼  the slow roll parameter. At small field values H¯2M2P  M4 and ε00  1 as
well. The maximum ε00 ≈ 23 is reached at the end of inflation/onset of preheating.
To leading order the action after the disformal transformation is
√−g¯
(
R¯+ 2G¯µν
DµΦ
†DνΦ
M4
)
=
√−gR+O(ε),
√−g¯ = √−g
(
1 +
DαΦ
†DαΦ
M4 +O(ε
2)
)
,
g¯αβ = gαβ − 2D
αΦ†DβΦ
M4 +O(ε
2). (7)
The gravity-Higgs sector transforms into standard Einstein gravity plus the Higgs Lagrangian;
the effect of the original Higgs-gravity coupling is now transferred to non-minimal kinetic
terms
SEH+Higgs =
∫
d4x
√−g
[
1
2
M2PR−
(
1 +
V
M4
)
DµΦ†DµΦ− V +O(ε2)
]
. (8)
To leading order the gauge and fermion Lagrangians are invariant, and we can replace g¯µν →
gµν in Lgauge and Lfermion in (3). On the background the double-dual Riemann tensor is G0i0i =
−H2 and Gij ij = −a¨/a = −H2(1− ), and the Einstein tensor is Gµν = −3H2diag(1, 1− 23),
with  = −H˙/H2. During inflation  ∼ ε00 and the ε-terms can be dropped at leading order.
After inflation, taking the scale factor as a power law a ∝ tn with n < 1, one finds  = 1/n.
Lorentz symmetry is broken spontaneously by the background by order one effects in the
fermion and gauge kinetic terms. If we are interested in order of magnitude estimates, we can
ignore these effects. The gauge and fermion Lagrangians then take the form
Sgauge = −1
4
∫
d4x
√−g
∑(
gαµgβν − αA 3G
µναβ
M2
)
F aµνF
a
αβ +O(ε)
∼ −1
4
∫
d4x
√−g
∑(
1 + αA
V
M4
)
F aµνF
a,µν , (9)
and
Lfermion = −
∑
i
(
gαβ − αψG
αβ
M2
)
ψ¯iiγαDβψi − (ytQ¯LΦ˜tR + h.c.) +O(ε)
∼ −
∑
i
(
1 + αψ
V
M4
)
ψ¯iiγ
µDµψi − (ytQ¯LΦ˜tR + h.c.), (10)
where for concreteness we have focussed on the top quark Lagrangian, but all Yukawa inter-
actions have the same structure.
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2.3 Summary and notation
To summarize, and set the notation used in the next sections, we work with the NHI La-
grangian in the Einstein frame given in (8, 9, 10)
L = −γ(Φ)|DµΦ|2 − V (Φ)−
∑
a
1
4
k2(Φ)(F aµν)
2 +
∑
i
q2(Φ)ψ¯i(i /D)ψi − yt√
2
Q¯LΦ˜tR + h.c.
(11)
where the sum is over all SM gauge groups; we only included the top quark and the sum in
the fermion kinetic terms is over ψi = {QL, tR}. The functions γ, k2, q2 are given explicitly
in (15). In unitary gauge the Higgs doublet is parametrized
Φ =
1√
2
(
0
φr
)
, (12)
with the real Higgs field φr = φ + δφ split in a background field φ plus fluctuations δφ. We
denote the canonically normalized Higgs field by hr = h+δh, with h the classical background.
The dynamics of the system is very different in the small and large field regimes, where
the correction to the Higgs kinetic term is not important respectively dominates. Defining
δ ≡ VM4 (13)
we distinguish between the small field (δ  1) and large field (δ  1) regime. The boundary
between the large and small field regime is at δ = 1 for field values
φeq =
√
2
M
λ1/4
. (14)
The non-minimal Higgs, gauge and fermion field space metrics in (11) can then be written
γ = (1 + δ) , q2 = (1 + αF δ) , k
2 = (1 + αAδ) . (15)
We parameterize the non-minimal gauge boson and fermion couplings as
αi = α0iδ
ni/2 (16)
for i = A,F .
2.4 Inflation
The Higgs-gravity action for the classical background is
L = √−g
[
1
2
M2PR−
1
2
γ(φ)(∂µφ)
2 − λ
4
φ4
]
, (17)
where we have neglected the Higgs mass term during inflation. In the large field regime, the
canonically normalized field h is
∂µh ≈
√
δ∂µφ → h =
√
λφ3
6M2 + C. (18)
6
The integration constant C can be fixed by matching it to the small field solution at the
boundary region h(φeq) = φeq. At large field values this constant can be neglected, and we
ignore it from now on. In terms of the canonical field the Lagrangian then is
L = √−g
[
1
2
M2PR−
1
2
∂µh∂
µh− λ˜
4
M4P
(
h
MP
)4/3]
, (19)
with
λ˜ = 64/3λ1/3
(M
MP
)8/3
. (20)
For large field values the theory is nothing but old-fashioned canonical chaotic inflation, albeit
with a rather unconventional exponent of 4/3 in the potential.
3 Renormalization group dependence of inflationary predic-
tions
In this section we derive NHI’s predictions for ns and r. The results at tree level (first reported
in [32, 28]) are just the standard ones for chaotic inflation. We include corrections due to the
running of both λ and M, which is a new result. We work with the one-loop RG improved
effective potential V = V (h, λ(µ),M(µ)) with running couplings. The calculation can be
done either in terms of the field φ or using the canonical field h, the results are the same.
Since it is rather subtle to show the equivalence, we give more details in Appendix A. Here
we choose to work with the canonical field as it makes the integral determining the number
of efolds below trivial.
As the renormalization scale we choose5
µ ∼ mt ∼ φ = M2/3P
(
λ˜
λ
)1/4
h1/3. (21)
To take the effect of the running couplings into account we note that the derivative of the
coupling is proportional to the beta function
dλ(µ)
dh
=
dλ(µ)
dt
dt
dh
≡ βλ dt
dh
,
dβλ
dt
≡ β′λ, (22)
and likewise for λ˜ and M . Here t = ln(µ/mEWt ) is the renormalization time, and
dt
dh
=
1
3h
+
(
βλ˜
4λ˜
− βλ
4λ
)
dt
dh
=⇒ dt
dh
=
1
3h
(
1 +
βλ
4λ
− βλ˜
4λ˜
)−1
(23)
where we used the explict form of the renormalization scale (21).
The potential slow roll parameters are
V ≡ M
2
P
2
(
Vh
V
)2
=
8M2P
9h2
(
1 + 2
βλ˜
4λ˜
)
+O
(
β′X
4X
,
βX
4X
βY
4Y
)
, (24)
5This choice minimizes the leading logs in the Coleman-Weinberg potential (see section 5.1.2, in both case A
and B). We could have chosen µ = ytφ, which leads to a yt-dependence. However, now the matching conditions
(boundary conditions for the running couplings) at the EW scale are different. In the end one obtains the
same result for the physical observables, which indeed should be independent of the renormalization scale.
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and
ηV ≡M2P
Vhh
V
' 4M
2
P
9h2
(
1 + 5
βλ˜
4λ˜
)
+O
(
β′X
4X
,
βX
4X
βY
4Y
)
. (25)
Here we used the approximation
β
(n)
X
4X
,
β2X
(4X)2
 βX
4X
(26)
for X,Y = λ, λ˜,M , and β
(n)
X the nth derivative with respect to the renormalization time t.
This inequality is satisfied for the SM beta function at high scales, but should be checked
explicitly in NHI, as the new interactions will affect the running at high scales. As follows
from (30) derived below, the running corrections become order one precisely at the boundary
of the region of validity of the approximation (26). This analytical approximation, therefore,
is only valid for small, albeit not negligible, corrections. To analyze larger corrections one
would need to turn to numerics in order to properly calculate the observables.
For the inflationary observables we need the slow roll parameters evaluated N? efolds
before the end of inflation:
N? ' 1
MP
∫ h∗
hend
dh
1√
2V
' 3
4M2P
∫ h∗
hend
dhhD , with D =
(
1− βλ˜
4λ˜
)
. (27)
The approximation (26) allows us to consistently consider D ' D? almost constant over the
integration domain. Thus, the integral becomes trivial and we can easily solve for the number
of efolds,
N? ' 3
8M2P
h2?D?. (28)
The slow roll parameters in (24) and (25), evaluated N? efolds before the end of inflation are
then
V ? ' 1
3N?
(
1 +
βλ˜
4λ˜
)
?
, ηV ? ' 1
6N?
(
1 + 4
βλ˜
4λ˜
)
?
. (29)
Finally, to leading order in the 1/N? expansion the observables are:
ns − 1 = 2ηV ? − 6V ? ' − 5
3N?
(
1 +
2
5
βλ˜
4λ˜
)
?
, r = 16V ? ' 16
3N?
(
1 +
βλ˜
4λ˜
)
?
(30)
up to O
(
1
N2?
,
β′X
X ,
βX
X
βY
Y
)
corrections. It is interesting to note that, within the approximation
(26), the explicit dependence on the RG flow is only through the running of λ˜, i.e. the self
coupling of the canonical Higgs field in the large field regime. This is not obvious a priori
since we have used a renormalization scale of the form (21).
The running corrections can become large if the ratio βλ˜/(4λ˜) is order one during inflation.
We will estimate the typical size of βλ˜ in section 5. We stress that the above result is markedly
different from that in the original Higgs inflation scenario. In HI, the RG corrections to ns
and r disappear at first order in the 1/N? expansion due to a cancellation between the
running dependence of the slow roll parameters and of the number of efolds [15, 16]. In
NHI, in contrast, such a cancellation does not take place. Therefore, the influence of the
RG flow (and consequently, the influence of the theory’s UV completion) on the inflationary
predictions in NHI is parametrically larger than in HI.
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To end the inflationary analysis, we give here the explicit values for the scales involved.
Taking N∗ = 60 at tree level the spectral index and tensor-to-scalar ratio (30) are ns ' 0.97
and r ' 0.09. The field value during and at the end of inflation is φ6? = (96N∗M4M2P/λ) =
(3N?)φ
6
end. The power spectrum fixes the free parameter M in the theory via V/(M4P)|? =
(0.027)4 [33], and we find
M ' 1.5× 10−8MPλ−1/4, M' 1.2× 10−4MPλ−1/8,
δ∗ ' 1.3× 107
√
λ, φ∗ ' 1.0× 10−2MPλ−1/4. (31)
Since δend ' 4× 105
√
λ, the end of inflation is well inside the large field regime.
4 Unitarity bound
The semiclassical approximation is valid if typical energy scales are below the scale at which
tree level unitarity breaks down. Because of the non-renormalizable interactions in NHI
the model becomes ill-defined at large scales. Expanding the Lagrangian around φ = 0,
the higher order interactions are suppressed by the cutoff scale ∼ M. Likewise, one can
expand the Lagrangian around large field values φ, and read off the typical cutoff scale from
the non-renormalizable interaction. The cutoff in NHI is field dependent, and different in
the asymptotic regimes. A more systematic approach to determine the cutoff scale for the
validity of the theory is to calculate the scale at which tree-level unitarity is lost, obtained from
scattering amplitudes/cross sections for specific interactions. In this section we compute the
2-to-2 Higgs/Goldstone boson scattering; for non-minimally coupled fermions and (transverse)
gauge bosons, it is in addition interesting to look at their scattering rates. We compare to
the results for 2h→ nh scattering, with h the (canonically normalized) Higgs field, obtained
in [26] and find order one agreement.
We first recap the general approach for extracting the unitarity bounds of the Standard
Model EFT in chiral representation [34], which was applied to Higgs inflation in [14].
4.1 Chiral Standard Model with non-minimal gauge/fermion sector
In the chiral approach the Higgs doublet is parametrized
H =
φr√
2
e−i~σ.~χ/F0 =
φr√
2
U , (32)
with φr = φ + δφ the Higgs field split in its background value and fluctuations, and ~χ the
Goldstone bosons. F0 is a normalization constant to give the Goldstone bosons canonical
kinetic terms. The kinetic terms for the Higgs are non-minimal, and it is convenient to
rewrite the Lagrangian in terms of the canonical Higgs denoted by hr(φr) = h + δh. If the
top quark and gauge bosons are non-minimally coupled, their kinetic terms are of the form6
L ⊃ −
∑ 1
4
k2(hr)F
2
µν + q
2(hr)(Q¯Li /DQL + t¯R /DtR). (33)
6Since we are only interested in the order of magnitude of the unitarity bound, we neglect Lorentz violating
effects and use the approximations (9,10). We assume universal αA couplings for all gauge bosons, and universal
αF couplings for all fermions. The results are easy to generalize.
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We rescale
Aµ =
A˜µ
k0
, QL =
Q˜L
q0
, tR =
t˜R
q0
, g = k0g˜, yt = q
2
0 y˜t, (34)
with g and yt the gauge and top Yukawa coupling, and we have used the notation f0 ≡ f(h),
i.e. the function evaluated at its background value. With this rescaling the top and gauge
boson fields have canonical quadratic kinetic terms, and the gauge and Yukawa interactions
are still in standard form as gAµ = g˜A˜µ and ytQ¯LdR = y˜t
˜¯QLd˜R. This assures the Goldstone
boson equivalence theorem holds as usual. The Lagrangian is then
L = −1
2
(∂hr)
2 − 1
4
F 2(hr)Tr
[
(D˜µU)†(D˜µU)
]
−
∑ 1
4
k2(hr)
k20
F˜ 2µν +
q2(hr)
q20
( ˜¯QL /˜DQ˜L + ˜¯tR /˜Dt˜R)
− V (hr)− 1√
2
(
yt
˜¯QL(iσ
2)U∗t˜R
)
Y (hr) + h.c.. (35)
For notational convenience we will drop the tildes, but in the rest of the section we will always
work with the Lagrangian (35). The amplitude for χ+χ− → ψ¯ψ mediated by the Yukawa7
interaction does not give a strong bound for NHI, and we will not consider it explicitly. Next,
expand8
F 2 = F 20
(
1 + 2a
δh
F0
+ b
(δh)2
F 20
)
,
k2
k20
=
(
1 +
k1
F0
δh+ ...
)
,
q2
q20
=
(
1 +
q1
F0
δh+ ...
)
. (36)
The coefficients a, b, k1, q1 are dimensionless. In the SM F0 = Y0 = h = v, and a = b = 1
and k1 = q1 = 0. In terms of the non-canonical φ-field — related to the canonical field h via
1
2γ(∂φ)
2 = 12(∂h)
2 — we can extract the coefficients in the expansion as follows:
a =
1
2F
1√
γ
∂F 2
∂φr
∣∣∣∣
φ
, b =
1
2
1√
γ
∂
∂φr
(
1√
γ
∂F 2
∂φr
) ∣∣∣∣
φ
, k1 =
F0
k20
1√
γ
∂k2
∂φr
∣∣∣∣
φ
, q1 =
F0
q20
1√
γ
∂q2
∂φr
∣∣∣∣
φ
,
(37)
all evaluated on the background at φr = φ.
The amplitude for 2→ 2 scattering of Goldstone bosons into Goldstone bosons and Higgs
fields can then be expressed [34]
A1(χ+χ− → χ+χ−) = s+ t
F 20
(1− a2) +O
(
m2h
E2
)
,
A2(χ+χ− → δh δh) = s
F 20
(b− a2) +O
(
m2h
E2
)
. (38)
In the Standard Model all amplitudes vanish up to O(m2h/E2), but in NHI the amplitudes
are non-zero because of the new interactions from the non-minimal Higgs-gravity coupling.
In addition there are extra diagrams because of the non-minimal gauge- and fermion-gravity
couplings, mediated by the k1 and q1 interactions respectively. The k1-term in the Lagrangian
gives a h(∂A)2-vertex. For the scattering of longitudinal gauge bosons this interaction pro-
vides amplitudes that do not grow with energy, but as O(M4W /E4). The terms proportional
7In NHI Y = φR.
8In the SM one has F = Y = hr = φr, and the expansion is formulated in terms of δh.
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to O(s/M2W ) cancel in agreement with the Goldstone equivalence theorem (the Goldstone
and thus the longitudinal gauge boson interactions do not depend on the non-minimal gauge-
gravity coupling). The k1-interaction still gives a growing contribution for the transverse
gauge boson scattering (via the diagram with Higgs exchange). The q1-term generates a hψ¯ψ
interaction; this provides an extra contribution to the χχ → ψψ process. The additional
amplitudes are given by
AA(AA→ AA) ∼ s
F 20
k21,
AF (χ+χ− → ψ¯ψ) ∼
√
s
F0
aq1. (39)
The 2 → 2 scattering amplitudes are of the form A(s, t, u) = A(s, θ); in the relativistic
limit ~p  m the Mandelstam variables are t = −(s/2)(1− cos θ) and u = −(s/2)(1 + cos θ).
To determine the unitarity bound we project the amplitude onto partial waves
al =
1
32pi
∫ −1
−1
d cos θA(s, θ)Pl(cos θ), (40)
with Pl the Legendre polynomial P0(x) = 1, P1(x) = x. The s-wave unitarity bound is
|a0| < pi/2.9 Consider first the bound for Goldstone boson scattering, for which we find
a0 =
1
32pi
|1− a2|
F 20
s <
pi
2
⇒ √s < Λ1 = 4pi F0√|1− a2| , (41)
which gives the unitarity bound on the center of mass energy
√
s = Ecm. The bound is a
factor
√
2 stronger if χ+χ− → χ0χ0 is included. To find the unitarity bound for the other
processes, we proceed in the same way. The result is
Λ1 = 4pi
F0√|1− a2| , Λ2 = 2√2pi F0√|b− a2| , ΛA ∼ 2√2pi F0|k1| , ΛF ∼ 8pi2 F0|aq1| . (42)
The SM is renormalizable, and indeed all bounds diverge for the SM values of the coefficients.
The SM without the Higgs boson has a = b = 0, and the above expressions give the unitarity
cutoff of the Fermi theory.
In [26] the unitarity bound derived from 2 δh→ n δh scattering was derived (with n ≥ 3)
using the criterion on the cross section σ < 4pi/s. This gives
Λm ∼ |Vm|F
1
2(m−2)
m , Fm = 2
4m−10pi2m−6(m− 3)!(m− 4)!, Vm =
(
dmV
dhm
) 1
4−m
, (43)
with m = n+ 2.
4.2 New Higgs inflation
The Lagrangian of NHI (11) is of the form of the chiral SM with
γ = (1 + δ) , F 2 = φ2r (1 + δ) , q
2 = (1 + αF δ) , k
2 = (1 + αAδ) , (44)
9Also |a0| < 1 and |a0| < 1/2 are used sometimes; all are acceptable as estimates, the spread can be seen
as theoretical uncertainty [34]. In [26] instead the bound σ < 4pi/s is used. This gives a cutoff that is lower,
and thus a bound that is stronger, by about a factor of 2 for NHI.
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and δ = V/M4, see (13), and the non-minimal gauge boson and fermion couplings αi are
given in (16). The coefficients in the expansion of the Lagrangian (37) are then
a =
(1 + 3δ)
(1 + δ)
, b =
(
1 + 14δ + (3δ)2
)
(1 + δ)2
, k1 =
2(2 + nA)αAδ
1 + αAδ
, q1 =
2(2 + nF )αF δ
1 + αF δ
, (45)
with δ evaluated on the background (for notational convenience we dropped the subscript
‘0’). Consider first the bounds from the Higgs sector, that are always present in NHI. For
δ  1, the coefficients a, b approach an O(1) constant, and the unitarity cutoff for Higgs and
Goldstone scales as Λ ∝ F0 ∝
√
δ. This estimate is actually too naive for Higgs scattering, as
the leading term in the denominator in Λ2 cancels in the large field regime, and consequently
the cutoff grows faster: Λ2 ∝ δ. In the small field regime a, b → 1 approach the SM values,
and the cutoff scales as Λ ∝ 1/√δ. Thus both in the limit of small and large field values, the
bound increases, with a minimum at the midfield region δ ∼ 1. Numerically, the bound from
scattering into Higgses is slightly stronger, which we give here explicitly
Λ2 = piφ
(1 + δ)3/2√
δ
= piφ
{
1√
δ
, δ
}
, (46)
with the right most expression the approximation in the small and large field limit respectively.
The minimum of the cutoff is in the midfield regime for δ = 1/5, and is given by
Λ2,min ≈ 6φeq ≈ 6× 10−3MP
(
10−2
λ
)3/8
, (47)
with φeq given in (14). It is interesting to compare this minimum with the potential at the
same point, and with the potential during inflation
V 1/4(φmin)
Λ2,min
≈ 2.4× 10−2
(
λ
10−2
)1/4
,
V
1/4
?
Λ2,min
≈ 1.2
(
λ
10−2
)3/8
. (48)
where we used (31). We confirm the conclusion reached in [26] that V 1/4 < Λ for all field
values, and an EFT can be constructed for energies below the cutoff. However, it should be
noted that the inflationary energy is of the same order as the minimum value of the cutoff,
unless λ 10−2 tuned to small values during inflation. Thus, as in the original HI proposal,
it is not guaranteed a priori that what lifts the unitarity bound to the Planck scale over the
whole field range will not affect the inflationary regime already at tree level. We assume this
is not the case and the UV completion only affects the running.
The results for the unitarity cutoff are shown in Fig. 1 the quartic coupling λ in the
range 10−2 to 10−6. Note that λ(φ) is a running coupling whose value is scale dependent.
Figure 1a shows Λ1 and Λ2; for comparison also the energy scale set by the potential V
1/4 is
shown. As can easily be seen, lower values of λ raises the cutoff and lowers the potential, with
the net result that the tension between the cutoff and the inflationary scale is relieved. If the
gauge bosons and/or fermions are non-minimally coupled there are additional bounds (42).
In the small field limit k1 ' 2(1 + nA)α0Aδ and the cutoff ΛA increases rapidly for small δ as
ΛA ∝ φ/(α0Aδ). In the large field limit k1 ' 2(1+nA) and the bound is ΛA ∝ φ
√
δ/(2(1+nA)).
The cutoff is minimal in the midfield regime δ ∼ 1, and scales as ΛA,min ∝ φeq/((4+2nA)α0A).
That is, the larger nA and the larger α0A the smaller the unitarity cutoff, and in this limit
12
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(a) Cutoff from 2→ 2 scattering of Goldstone bosons into Goldstone bosons (Λ1 in the left plot) and
Higgs fields (Λ2 in the right plot).
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(b) Cutoff from 2 → 2 scattering of non-minimally coupled gauge bosons, for different non-minimal
coupling αA = 10 (left plot) and αA =
√
δ (right plot).
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(c) Cutoff from 2→ n Higgs scattering, with n = 6 (left plot) and n = 8 (right plot).
Figure 1: Unitarity cutoff Λi for different interactions as a function of the field φ in Planck
units; also shown is V 1/4. In all figures horizontal gridlines correspond to {V 1/4end , V 1/4? } which
are independent of λ. In the plots λ varies between 10−2 and 10−6.
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the bound can become stronger than the one from the Higgs sector. The behavior for the
cutoff ΛF from fermion scattering is similar, except that it contains an extra factor of a in
the denominator, which suppresses the bound for similar ni and α0i values. For example, for
ni = 1 and α0i = 1, we find ΛA,min ≈ 6.3φeq and ΛF,min ≈ 260φeq. The results are shown in
Fig. 1b which plots the bounds from gauge boson scattering for a constant and field dependent
non-minimal coupling αA.
Finally, there are the bounds from hh → nh scattering (43). These bounds are plotted
for two representative values n = 6 and n = 6 in Fig. 1c. The minimum cutoff is of the same
order as Λ2,min. However, this many-body amplitude gives a lower cutoff in the small field
regime than the other processes.
The power spectrum fixes λ˜ defined in (20). This means that for smaller Higgs coupling
during inflation λ?, the scaleM where the non-minimal couplings enter becomes larger (31).
This has the effect, as can be also seen from the plots, that the hierarchy between the cutoff
scale and the scale set by the potential increases for small coupling. In fact, for λ = 10−6
the cutoff is well above the inflationary scale Λmin  V 1/4? , suggesting that the effects of the
unknown UV completion are small. This is, however, not necessarily the case. First of all, as
we discuss in the next section, the light degrees of freedom in the EFT differ in the small field
and large field regime, and consequently there is a jump in counterterms between the two
regimes. This jump can be seen as the effect of threshold corrections, which therefore cannot
be arbitrarily small (especially if the jump is proportional to the gauge or Yukawa coupling,
and not only to the quartic coupling — which depends on the possible non-minimal couplings
of the gauge and fermion fields).
Secondly, the loop corrections may grow for small coupling (this also depends on the
possible non-minimal couplings of the gauge and fermion fields, as discussed in the next
section), and if they become large they may alter the shape of the potential significantly.
This is indeed what happens in conventional Higgs inflation, where it was found that for
λ? . 10−5 no inflationary solution with N? & 60 is possible in the flat plateau regime of the
potential [35, 15]. However, for small coupling it is still possible to have inflation, but near an
extremum of the potential where the tree level and one-loop corrections are tuned; this is the
idea of “critical Higgs inflation” [36, 37, 38]. Since it is a fine-tuned set-up, the UV sensitivity
is large [15, 24, 25]. The conditions for a critical new Higgs inflation regime will most likely
be analogous to those of HI, where two conditions have to be imposed on the beta functions
in order to tune both the first and the second derivative of the potential to zero. A derivation
of the RG equations for NHI, and an in-depth analysis of the inflationary predictions is left
for future work.
5 Renormalizability of non-renormalizable models
In the previous section we have (re)-established that the tree-level unitarity cutoff is below
the Planck scale in the small and mid field regime, as Λ ∼ φeq ∼M/λ1/4. Even though this
cutoff is always above the typical scale set by the potential, the inflationary predictions can
nevertheless be sensitive to the UV completion, as we discuss in this section. The existence
of a field dependent cutoff which is sub-Planckian in the small/mid field regime is of course
no surprise, as the troubles are caused by the introduction of non-renormalizabe interactions
in the NHI model that are suppressed by the scale M.
Even though the model is non-renormalizable it may still be renormalizable in the EFT
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sense in the asymptotic regions, by which we mean that all divergencies can be absorbed order
by order in the counterterms already present in the model.10 In this section we concentrate
on the one-loop Coleman-Weinberg potential, and check whether the divergencies can be
absorbed in counterterms of the tree-level potential. This will give us information about
the size of βλ˜/λ˜, indicating whether the running corrections to the inflationary observables
(30) can be important. Moreover, as we will see, in the large field regime some SM fields
decouple. This implies that the counterterms are different in the small and large field regime,
and threshold corrections are needed in the midfield regime to patch the EFTs together. This
may then introduce a UV sensitivity in the observables.
5.1 Loop corrections
We calculate the one-loop Coleman-Weinberg potential during inflation11, which corresponds
to very large δ > δend ∼ 104. We will work in Landau gauge where the ghost fields decouple.
We neglect corrections coming from the rolling of the background field, and from the expansion
of the universe and from gravity’s back reaction, as these are all slow roll suppressed. We allow
for non-minimal fermion and gauge couplings, αf and αA, which are parameterized as in (16).
The divergent part of the one-loop effective potential is (using dimensional regularization) [39]
Veff =
λφ4
4
ZV − 1
32pi2
[
m4h +
∑
m4θ + 3
∑
m4A − 4Ncm4t
]
, (49)
with  = 4−d, ZV = 1+δV with δV a counterterm. The first sum in the one-loop contribution
is over the three degenerate Goldstone bosons collectively denoted by θ, the second sum over
the W± and Z bosons each with 3 polarizations, and we added a factor 4Nc for the top quark,
a Dirac fermion with Nc = 3 colors.
All diagrams contributing to the wavefunction normalization of the canonical field h are
suppressed by O(δ−1), and thus to leading order the anomalous dimension γh = 0. For
this reason it is useful to rewrite the classical potential in terms of the canonical field, i.e.
λφ4 = λ˜h4/3, which gives the relation ZV = Zλ˜Z
2/3
h = Zλ˜. Extraction of the δV counterterm
thus gives the full beta function12
βλ˜ = δV λ˜. (50)
This can be related directly to the running corrections to ns and r (30). As we will see
below βλ˜ = f(yt, gi, λ) is a function of the top Yukawa coupling, the gauge couplings, and the
coupling λ. Thus to fully determine the running corrections one needs to calculate the RGEs
for two independent couplings (out of the three λ, λ˜ andM), plus the RGEs of the other SM
parameters.
10To fully check this we should calculate the full set of (one-loop) corrections; if the set-up is EFT renor-
malizable we can then derive the full set of RG equations in the asymptotic regimes. This is left for future
work.
11After inflation, but still in the large field regime 1 < δ . 104, the corrections due to the rolling of the
field φ˙ are no longer slow roll suppressed and this might give order one corrections to the RGEs. Likewise, for
the Lorentz violating terms that could be neglected during inflation, see the discussion around (9, 10). Thus
in trying to relate the high and low scale physics, one has to deal with threshold corrections as well as the
theoretical uncertainty in the running in this post-inflationary field regime.
12Equivalently, ZV = Z
2
φZλ from which it follows βλ = δV λ+ 4λγφ. Since γφ 6= 0, δV does not give the full
βλ.
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5.1.1 Higgs field
Before tackling the full field content, let us consider only the contributions of the Higgs field
to the effective potential. This simple example explicitly shows EFT renormalizability in the
asymptotic regimes, the need for new physics which becomes (at the very least) important in
the mid field regime, and that due to these threshold corrections the connection between low
and high scales is lost. We follow the approach put forward for HI in [17, 22, 23] and also in
[24, 25].
We parameterize the potential as V = λU(h) with h(φ) the canonically normalized Higgs
field. The Higgs contribution to the one loop divergence of the effective action is of the form
(49) with m2h = λ
2U ′′(h). This contribution cannot be absorbed in the counterterm δV over
the whole field range; to absorb all divergencies we add the following operator to the original
Lagrangian (“h.o.” denotes “higher order”):
L(1)h.o. = λ2c1U1 ≡ λ2c1[(U ′′(h))2 − 36U(h)], (51)
where the Wilson coefficient c1 is a new independent parameter. The factor 36 of the 2nd
term is chosen such that in the small field regime U1 = O(δ) is suppressed. In this regime
V = (λ/4)h4 +O(δ) which is EFT renormalizable. In the large field regime δ  1 the Higgs
mass is suppressed, and U1 = −36λ2c1U +O(δ−1) which is of the same form as the original
potential, and it can be absorbed in a shift of the coupling λ → λ − 36λ2c1. This reflects
that also the large field regime is EFT renormalizable, as no new counterterms beyond those
already present in the original potential are needed. However, in the midfield regime δ ∼ 1,
the new operators are not suppressed and they are needed to absorb the divergencies of the
non-renormalizable theory. This is not surprising as δ ∼ 1 corresponds to field values of the
order of the unitarity bound in the small field regime φ ∼ λ−1/2M ∼ Λmin, where new physics
is expected.
We have explicitly factored out λ2 from the Wilson coefficient in (51) to give a hierarchical
order to the procedure. The new operator U1 will itself contribute to the one loop corrections
at the same order as the two loop corrections coming from the original potential. The new
divergencies are absorbed by a new operator ∼ λ3C2U2. In this way, a whole tower of
new operators is added, suppressed by increasing powers of the coupling. This allows to
consistently truncate the series in the regime where no other order parameters are present. In
the two asymptotic regimes this is not needed because δ respectively δ−1 acts as an order pa-
rameter. Of course, this procedure, and the hierarchical structure of the operators, represents
an assumption on the nature of the UV completion.
We learn a couple of things from this analysis. First, in the asymptotic regimes the Higgs
sector of NHI is EFT renormalizable, but new physics is needed in the mid field regime.
Secondly, these threshold corrections break the connection between the low and high scale
physics, as the value of λ during inflation will depend on the unknown Wilson coefficients.
This is both because, as explained above, the coupling in the large field is shifted by the extra
U1 contribution, and because the threshold corrections will alter the RG equations in the mid
field regime.
5.1.2 Standard Model spectrum
We will now consider the full SM spectrum. We will check the d.o.f. entering the one loop
diagrams and compare the counterterms needed in the small and large field regime. If there
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is a discontinuous jump in d.o.f. and correspondingly in the counterterms, that signals that
threshold corrections are needed in the midfield regime.
The masses of the bosonic fields are given by the covariant expression (m2)ba = −hbc∇c∇aL
evaluated on the background, with hab = diag(γ, γ, k
2) the metric on field space, and {a, b}
running over the Higgs, Goldstone and gauge field. The mass matrix is diagonal, with masses
m2h = λφ
2 (3 + δ)
(1 + δ)2
, m2θ = λφ
2 (1 + 3δ)
(1 + δ)2
, m2A =
g2φ2(1 + δ)
(1 + αAδ)
+
(2 + n)αAδλφ
2
(1 + δ)(1 + αAδ)
, (52)
with δ evaluated on the background.
In the small field regime the masses approach the Standard Model values. The last term
in the gauge boson mass arises from mixing between the Higgs and gauge sector (specifically,
because ΓφAA 6= 0), it is suppressed at large field values for n < 1. As will become clear below,
its specific form is never important, and we will neglect this term from now on. We estimate
the fermion mass by simply rescaling q0ψ → ψ by a constant factor, to obtain approximately
canonically renormalized fermions. Just as for the gauge field, there will be corrections to
this, but these will not be important. We then get
mψ ≈ 1√
2
y
(1 + αF δ)
φ. (53)
It is clear that substituting the masses in the effective potential (49) the divergencies cannot
be absorbed in field independent counterterms, as the tree-level and one-loop contributions
have different field dependence. The theory is non-renormalizable. However, an asymptoti-
cally renormalizable EFT may be constructed if in these regimes the tree-level and one-loop
contributions have at leading order the same field dependence. This happens in the small
field regime δ  1 where all masses reduce to their SM masses values, and all divergencies
can be absorbed just as in the SM. Explicitly,
Veff |δ1 = λφ
4
4
[
ZV − 1
8pi2
1
λ
(
12λ2 + 3
∑
g4i − 3y4t
)]
+O(δ), (54)
with gi =
1
2{g2, g2,
√
g2 + g′2}, with g and g′ the gauge coupling of the SU(2) and U(1)
hypercharge gauge groups respectively.
We will check whether also an EFT can be constructed in the large field regime δ  1.
In this limit the effective potential during inflation becomes
Veff |infl = λφ
4
4
[
ZV − 1
8pi2
1
λ
(
3
∑ g4(1 + δ)2
(1 + αAδ)2
−Nc y
4
t
(1 + αF δ)4
+O(δ−1)
)]
. (55)
The Higgs field and Goldstone bosons are light during inflation, their contribution to the
effective potential is O(δ−2), and they effectively decouple. Whether the gauge field and
fermions decouple or remain in the spectrum depends on their possible non-minimal couplings.
We consider the various cases in turn.
• Case A: αA = αf = 0. Consider first minimally coupled gauge bosons and fermions,
as in the original NHI model [6]. The top mass is of the order of the energy scale
set by the potential mt ∼ V 1/4 and is included in the spectrum. The gauge boson
mass, on the other hand, is large, of the order of the cutoff scale (42) during inflation
m2A = g
2Λ21/(2pi
2), and should be integrated out.
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Thus, during inflation the Higgs/Goldstone bosons and the gauge fields decouple, and
the only d.o.f. in the spectrum is the top quark. The effective potential is
Veff |infl = λφ
4
4
[
ZV − 1
8pi2
·
(
−3y
4
t
λ
)]
+O(δ−1), (56)
from which we find (50)
βλ˜
λ˜
= − 3
8pi2
y4t
λ
. (57)
Matching to the SM effective field theory at small field values, in the midfield regime
the Higgs/Goldstone bosons and the gauge fields are “integrated back in”, and there
are threshold corrections suppressed by the unitarity cutoff Λ1,2 and mA respectively.
This new physics is needed to restore unitarity and renormalizability in the UV.
Note, however, that the contribution of the gauge boson to the CW-potential is non-
renormalizable. Consider the case g  1 such that there is a hierarchy of scales V 1/40 
mA  Λ. Then at energy scales µ ∼ mA the gauge boson is in the spectrum. To
absorb the loop divergence one would need to add a new operator Lh.o ∝ φ4δ2. It
is interesting to note that in this particular case the new operator does not generate
additional divergences13 and (at least at leading order) we do not need to add an infinite
tower of higher order operators. On the other hand, unless tuned to be small, this
operator will completely change the inflationary dynamics already at tree level. Thus,
to write (56) we are implicitly assuming that the physics arising at the cutoff enables
us to integrate out the heavy gauge bosons in the usual EFT sense. This scenario can
only work with extra assumptions on Lh.o..
• Case B: αA = α0A constant and αf = 0.
In Case A the gauge fields were heavy during inflation and integrated out. Introducing
a non-minimal coupling for the gauge fields α = α0 with n = 0 in (16) will lower their
mass and bring them back in the spectrum as now mA ∼ mt ∼ V 1/4 during inflation,
and
Veff |infl = λφ
4
4
[
ZV − 1
8pi2
1
λ
(
3
∑
i
g4i
α0A
− 3y4t
)]
+O(δ−1), (58)
from which we find (50)
βλ˜
λ˜
=
1
8pi2
(
3
∑
i
g4i
λα0A
− 3y
4
t
λ
)
. (59)
In the midfield regime the Higgs/Goldstone bosons are integrated back in, and there
are threshold corrections suppressed by the unitarity cutoff Λ1,2; in addition the gauge
contribution is different in the asymptotic regime and additional threshold corrections
suppressed by ΛA are expected.
Apart from the jump in δV there will also be a jump in the counterterm of the gauge
couplings in the midfield regime. The effect of the non-minimal gauge-gravity coupling
13In terms of the canonical field in the high field regime φ4δ2 ≈ h4.
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is that the effective gauge coupling decreases in the large field regime, and the gauge
bosons are coupled more weakly than in case A. Consider the three-point interaction
between SU(2) gauge bosons. The physical gauge coupling for this process is given by
g˜ = g/(α0δ) as follows from (34). Then schematically, the amplitude for this process is
of the form
〈A3〉 = Zg˜ g˜ + 1
8pi
g˜3 =
Zg˜g
α0δ
+O(δ−3) (60)
with Zg˜ = 1 + δg˜ ≈ 1, that is, the running of the gauge couplings in the inflationary
regime can be neglected at leading order.
• Case C: αi = α0iδni/2 with nA ≥ 1 and nF ≥ 0.
With a large non-minimal coupling for the gauge field, and a non-minimal coupling for
the fermions, both gauge fields and fermions are very light during inflation, and decouple
from the theory. To leading order all d.o.f. are weakly coupled and the running can be
neglected. The effective potential is now
Veff |infl = λφ
4
4
[
ZV +O
(
δ−1, δ−nA/2, δ−(1+nF /2)
)]
, (61)
from which it follows that βλ˜ = 0. Thus in the inflationary regime the potential is
well approximated by its tree level form and we find agreement with the results of [28]
(where ni = 1 was considered). As in case B, considering the physical gauge g˜ and
Yukawa couplings y˜t of (34), it follows that loop corrections can be neglected. There
will be threshold corrections suppressed by Λ1,2, ΛA and ΛF .
5.2 Threshold corrections
As discussed in the previous subsection, even though in the asymptotic regimes an EFT can
be constructed for energies E ∼ V 1/4  Λi below the unitarity cutoff, threshold corrections
are needed to glue the EFTs together in the midfield regime to assure unitarity and renor-
malizability of the theory. The unitarity cutoff from interactions in the Higgs sector is always
there; we expect that threshold corrections due to integrating back in the Higgs d.o.f. in
the mid field regime are suppressed by this scale. The importance of this type of threshold
corrections is smaller for small Higgs coupling, as then the ratio V 1/4/Λ1,2 decreases. This is
consistent with the observation that the natural jump in the counterterm δV due to integra-
ting back in the Higgs is proportional to λ2, and thus also decreases. However, these are not
the only new scales of physics. In Case A, we expect additional new physics at the scale mA,
in Case B at the scale ΛA, and in Case C at the scale ΛA and ΛF ; these scales are unaffected
by the size of the Higgs coupling.
A consistent EFT approach to NHI inflation will require the inclusions of all higher di-
mensional operators consistent with the theory. As stated before we always work under the
assumption that the UV completion only gives large corrections in the mid field regime, where
the operators needed for the consistency of the theory play a significant role.
The construction discussed in section 5.1.1 is an example where operators are added to
cure the divergencies, which are only important in the mid field regime. Another approach
followed for HI in [14, 15], is to add only operators suppressed by the field dependent unitarity
cutoff of the form (focussing on the most important dimension six operators):
Lh.o =
∑
ci
√
V
Λ2
Oi + ... (62)
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with ellipses denoting the dimension n ≥ 8 operators, Oi all 4 dimensional SM operators,
and ci the Wilson coefficients that depends on the UV completion. The new operators can
be neglected during inflation as V
1/4
∗ /Λ  1. Different approaches will just give a different
parametrization of the uncertainties connected to the mid field regime and consequently will
model the running of the parameters connecting the two regimes.
5.3 Inflationary predictions
Whatever the explicit parameterization of the UV completion, the net effect will be that the
connection between the low and high scales is lost. The new operators may induce a tree-level
shift between the coupling in the small and large field regime (as in the example in section
5.1.1), and they will alter the RGE equations in the mid field regime. The effect is that the
couplings get a “kick” in the mid field regime. Their values during inflation thus not only
depend on the boundary conditions at the electroweak scale, but also on the size of this kick,
that is on the new physics parameterized by the unknown Wilson coefficients.14 In this way,
the physics during inflation will indirectly depend on the UV physics. If the inflationary
observables depend on these exact values, they inherit the UV dependence, and the model is
no longer predictive.
In NHI in all cases A-C discussed, there are threshold corrections and the couplings receive
an unknown kick in the mid field regime. Moreover, the linear analysis done in section 3 shows
that the spectral index and tensor-to-scalar ratio (30) depend on the running of the Higgs
coupling. This dependence is observably large for βλ˜/(4λ˜) ∼ 1; since the exact ratio depends
on the exact value of the couplings during inflation, which is affected by the kick, the results
are UV sensitive if this is the case. The question thus is whether the running corrections can
be of order one. In case A and B the beta function is dominated by the contribution of the
top quark βλ˜/λ˜ ∼ 3y4t /(8pi2λ) ∼ 10−3/λ, where the last estimate assumes that the couplings
yt, λ are not so much different from that in the SM at these energy scales. We thus expect
large running corrections, and large UV dependence, for λ(µ∗) . 10−3−10−4. Since the Higgs
coupling runs to small values at large scales, this would not require excessive tuning. In case
C on the other hand all particles are decoupled during inflation, to leading order βλ˜ ≈ 0,
and all running corrections are unobservable [28]. In this case, even though the couplings do
receive a kick and their value is UV sensitive, the inflationary predictions are robust as they
do not depend on the explicit values of the couplings.
6 Conclusions
In new Higgs inflation (NHI), the Higgs kinetic terms are non-minimally coupled to gravity,
enabling the Higgs field to play the role of the inflaton. In this work, we have investigated
the renormalization of this model and how this can affect its predictions. In many respects,
the situation is analogous to the original Higgs inflation (HI) proposal, where inflation takes
place thanks to a non-minimal coupling of the Higgs field to the Ricci scalar. In both models,
non-renormalizable interactions are added to the SM and consequently tree level unitarity
is violated at energies below the Planck scale. At every stage in the universe’s history the
field-dependent unitarity cutoff is above the typical scale set by the Higgs potential, and
a renormalizable EFT can be constructed in the asymptotic regimes. However, the theory
14Moreover, there are theoretical uncertainties in the RGEs as discussed in footnote (11).
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is non-renormalizable in the mid field regime, and new operators are needed to absorb the
divergencies. This is also the field region where the ratio of potential energy to the unitarity
cutoff V 1/4/Λ is minimized, and we expect the effects of UV physics entering at this new scale
to be most important.
To make the above statements more explicit we have calculated the one-loop Coleman-
Weinberg potential. In both the small field and large field regime, one can easily identify an
order parameter in which a renormalizable EFT can be organized. However, as some fields
decouple in the large field regime, the degrees of freedom running in the loop are different in
the small field regime, and consequently the counterterms are different. Threshold corrections
are then needed in the mid field regime. We assume that the new physics does not affect the
tree level potential significantly. However, it can still modify the inflationary predictions, as
the effect of the new physics in the mid field regime is that it gives a kick to the running
couplings. This kick occurs because the new physics alters the RGE equations in the mid field
regime and/or from matching the couplings of the low and high energy theory. The coupling
values during inflation thus depend on both the boundary conditions at the electroweak scale
and on the unkown UV physics.
Although details differ, such as the value of the cutoff scale and counterterms, the above
qualitative discussion is equally valid for both HI and NHI. The key difference between the two
scenarios is the UV sensitivity of the inflationary observables. In HI, the running corrections
to the spectral index and the tensor-to-scalar ratio are suppressed to leading order in the
1/N?-expansion (through a cancellation of different effects [15, 16]). For inflation in the
universal regime, the predictions are thus robust and do not depend on the UV completion.
This is in contrast with NHI, where the inflationary predictions do depend on the running.
This dependence can also be seen as a virtue since in this case the boundary conditions at the
EW scale as well as the (for the moment) unknown threshold corrections will leave a direct
imprint on the inflationary parameters, which thus can be probed.
The explicit dependencs of ns and r on the running coupling λ˜ is given in (30). The
corrections are of order βλ˜/λ˜ ∼ 10−3/λ, where the numerical estimate assumes approximately
SM running for the top and Higgs self-coupling λ. Thus the corrections are important for
moderately small couplings λ(µ?) . 10−3 − 10−4. However, we have seen that there exists a
way to have robust inflationary predictions in NHI as well: with (large) non-minimal couplings
for also the gauge and fermion fields all fields decouple in the large field regime and βλ˜ ≈ 0
during inflation.
We believe that focussing on the Coleman-Weinberg corrections, as we have done here,
is enough to understand how new physics breaks the connection between low and high field
values of the theory, and the effect it has on the robustness of NHI’s inflationary predictions.
This picture can be made more quantitative by explicitly deriving the full set of RG equations
in both asymptotic regimes, which we leave for further work. Another interesting question
would be to study the possibility of a “critical new Higgs inflation” regime, analogous to
conventional critical Higgs inflation [36, 37, 38].
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A Renormalization group improved action and inflationary
observables
In this appendix we provide more details on the RG improved action. In particular we check
that computing the slow roll parameters and inflationary observables can be done in terms
of either the canonical or the non-canonical field, the results are the same. Since this point
caused us some worries initially, and since the proof is non-trivial, we think it is worth to derive
it explicitly. Furthermore, once the equivalence of the two procedures has been established,
this can be useful to consistently RG improve any model with non-canonical kinetic terms for
which is not possible to find an analytic expression for the canonical field.
A.1 Relations between beta functions and anomalous dimensions
We start by defining the renormalized fields and couplings in the bare NHI Lagrangian (17)
φb = Z
1/2
φ φ, hb = Z
1/2
h h, λb = Zλλ, λ˜b = Zλλ˜, Mb = ZMM, (63)
in terms of which this becomes
L = −Z
3
φZλ
Z4M
λφ4
4M4
1
2
(∂φ)2 − Z2φZλ
λ
4
φ4 = −Zh 1
2
(∂h)2 − Z2/3h Zλ˜
λ˜
4
h4/3. (64)
The Lagrangian can be written in terms of either the canonical field h or the field φ. At
tree level Zi = 1 and we retrieve the Lagrangians (17, 19), with the canonical field defined
in (18). For the kinetic terms and the potential to be the same in either language, this gives
the relations Zh = Z
3
φZλZ
−4
M respectively Z
2
φZλ = Z
2/3
h Zλ˜. Now take the derivative of these
relations with respect to the renormalization time t = lnµ to get at one-loop order
βλ
λ
− 4βMM − 6γφ + 2γh = 0,
βλ
λ
− βλ˜
λ˜
− 4γφ + 4
3
γh = 0. (65)
The anomalous dimension is defined as γh = −12∂t logZh and the beta function is ∂t lnZλ =
−βλ/λ, and likewise for the other fields and couplings. Combining the above equations, we
find
βλ˜
λ˜
=
1
3
βλ
λ
+
8
3
βM
M , (66)
which could equivalently have been derived from the definition of λ˜ in (20) (using that βλ =
∂tλ, and analogously for the other couplings).
A.2 RG improved action
Start with the canonical field. We drop all terms quadratic in and all derivatives of the beta
functions and anomalous dimensions, and only keep the leading contribution. The renormali-
zation group (RG) improved scalar action, i.e. the solution of the Callan-Symanzik equation,
is given by
L = −1
2
Zh(t)(∂h)
2 − λ˜(t)
4
h(t)4/3, (67)
with
h(t) = e−
∫ t
0 γhdt
′
h,
dλ˜(t)
dt
= βλ˜, Zh(t) ≈ e−2
∫ t
0 γhdt
′
. (68)
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The potential can be rewritten as V = 14 λ˜eff(t)h
4/3 with λ˜eff(t) = λ˜(t)e
− 4
3
∫ t
0 γhdt
′
. The canon-
ical field is now defined via ∂hc = Z
1/2
h (h)∂h. In order to find h(hc) we approximate γh as
a constant (we work in the same approximation as in section 3, eq. (26)), and using the
expression of Zh(h) in (68), we obtain
hc =
∫ h
0
e−
∫ t(h′)
0 γhdt
′
dh′ =
hZ
1/2
h (h)
(1− γh/3) ⇒ (hZ
1/2
h )
4/3 =
(
1− 4
9
γh
)
h4/3c . (69)
Here we used the explicit form of the normalization scale (21), which gives t(h) = ln ch1/3
with c a constant.15 Finally, the Lagrangian for the canonical field is
L = −1
2
(∂hc)
2 − λ˜(hc)
4
h4/3c
(
1− 4
9
γh
)
. (70)
The story is similar for the non-canonical φ field. The improved action is
Ls = −1
2
λeff(φ)φ
4
M4(φ) Zφ(φ)(∂φ)
2 − λeff(φ)
4
φ4, (71)
where now
Zφ(φ) ≈ e−2
∫ t(φ)
0 γφdt
′
, λeff(φ) = e
−4 ∫ t(φ)0 γφdt′λ(φ), (72)
with λ(φ) and M(φ) the running couplings, and t(φ) = lnφ the renormalization time. We
can absorb all dependence on the anomalous dimension in the kinetic term by defining the
”canonical” field via φ2c∂φc = e
−3 ∫ t(φ)0 γφdt′φ2∂φ. Solving as in (69) gives φe− ∫ t(φ)0 γφdt′ =
φc(1− γφ/3). Thus, the improved action becomes
Ls = −1
2
λ(φc)φ
4
c
M4(φc)(∂φc)
2 − λ(φc)
4
φ4c
(
1− 4
3
γφ
)
. (73)
By comparing the two actions in (70) and (73), it follows that the one loop generalization of
(18) is16 √
λ(t)φ2c
2M2(t) ∂φc = ∂hc ⇔ φ
3
c(1− γφ) =
6M(t)2√
λ(t)
hc
(
1− 1
3
γh
)
. (74)
The usual approximation is to drop the γi correction in the RG improved Lagrangians
(70, 73), as the corrections are higher order in the coupling. That is probably fine for most
applications. In fact, if one calculates the running corrections to ns and r in either the h or φ
language, one can simply drop these corrections, and the final results are the same (upon using
the relation between the beta functions (65)). However, if one wants to compare intermediate
steps in the calculation in both approaches, for example to show the equivalence of the slow
roll parameters, it is essential to keep the γi-corrections in (74).
15To be precise t = ln c(t)h1/3(t) but considering the t-dependence inside the log will just give higher order
terms in the integral (69).
16Differentiating the second expression in (74) and using (65) returns the first relation in (74).
23
A.3 Slow roll parameters
Note that hc correspond to h in the main text where we have omitted the subscript to simplify
the notation.
First work in terms of the canonical field, and use the RG improved Lagrangian (70) to
calculate (we set MP = 1 in the following)
Vhc
V
=
4
3hc
(
1 +
βλ˜
4λ˜
)
(75)
where we used ∂hc λ˜ = βλ˜(∂t/∂hc) ' βλ˜/3hc. Now work with φ and use the Lagrangian (73).
This gives
Vhc
V
=
4
φc
∂φc
∂hc
(
1 +
βλ
4λ
)
=
4
φ3c
2M2√
λ
(
1 +
βλ
4λ
)
=
4
3hc
(
1 +
βλ
4λ
− γφ + 1
3
γh
)
. (76)
In the first step we used ∂t/∂φc = 1/φc. In the second step we used the first relation in (74),
and in the last step the last relation in (74). It is in this last step that it is essential to include
the γi-corrections, as now using relation (65) it immediately follows that both calculations
give the same answer.
The first potential slow parameter is, using the RG improved Lagrangian in terms of h
and φ respectively,
V =
1
2
(
4
3hc
)2(
1 +
βλ˜
4λ˜
)2
=
1
2
(
8
φ3c
M2√
λ
)2(
1 +
βλ
4λ
)2
. (77)
In the same way, we find for the second slow roll parameter
ηV =
4
9h2c
(
1 + 5
βλ˜
4λ˜
)
=
16M4
λφ6c
(
1 +
3
4
βλ
λ
+ 2
βM
M
)
. (78)
The two expressions are equal, which can be seen using (74) and (65).
In our approximation computing the number of efolds calculated using the canonical field
is trivial:
N? =
3
4
∫
dhc hc
(
1 +
βλ˜
4λ˜
)−1
' 3
8
h2c?
(
1− βλ˜
4λ˜
)
?
. (79)
It is less trivial working in the φc language, although it should give the same result. Let us
check that this is indeed the case.
N? =
∫
dhc
(
V
Vhc
)
=
∫
dφc
(
∂hc
∂φc
)2 φc
4
(
1 +
βλ
4λ
)−1
' 1
42
(
1− βλ
4λ
)
?
∫
dφc
λ(φc)
M4(φc)φ
5
c .
(80)
The running couplings in the integrand can be expanded as
λ(φc)
M4(φc) =
λ?
M4?
+
d(λ/M4)
dt
∣∣∣∣
?
(
dt
dφc
∣∣∣∣
?
(φc − φc?) + 1
2!
d2t
dφ2c
∣∣∣∣
?
(φc − φc?)2 + ...
)
=
λ?
M4?
+
λ?
M4?
(
βλ
λ
− 4βMM
)
?
[t(φc)− t(φc?)],
(81)
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where t = lnφc. Thus (80) becomes
N? ' λ?
42 · 6M4?
(
1− βλ
4λ
)
?
φ6c?
[
1−
(
βλ
6λ
− 2
3
βM
M
)
?
]
=
λ?
42 · 6M4?
(
1− βλ
4λ
)
?
4 · 9M4?
λ?
h2c?
[
1 + 2
(
γφ − 1
3
γh
)
?
] [
1−
(
βλ
6λ
− 2
3
βM
M
)
?
]
=
3
8
h2c?
(
1− 1
4
βλ˜
λ˜
)
?
. (82)
In the second step we used (74) to write φc? in terms of the canonical field hc?, and in the last
step we used (65) and kept the leading order beta function corrections. This is indeed the
same as (79). Hence, working under the same approximation, both procedures give exactly
the same results for both the slow roll parameters and N?. This implies that ns and r will be
also the same computed with the two methods.
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